Introduction {#S0001}
============

*Chlamydia psittaci* is the cause of an infectious disease psittacosis/ornithosis in poultry and birds. It can also lead to severe infection by transferring to humans, which occur mainly via the inhalation of contaminated aerosols originating from faeces, urine, or other excretions from infected birds.[@CIT0001],[@CIT0002] Thus, the largest burden of disease from *C. psittaci* is in pet breeder, veterinarian, and poultry keeper, where untreated respiratory infections may result in serious complications such as bacteremia, encephalitis and myocarditis.[@CIT0003] Moreover, a recent study reported that chlamydial lung infection may contribute to increase the risk of co-infection with other pathogens including H9N2.[@CIT0004] Obviously, vaccination is the most effective measure to prevent *C. psittaci* infection and control chlamydial diseases.[@CIT0005] Up to now, however, no effective vaccine has been developed.

Appropriate candidate antigens (Ags) are one of the crucial factors for the development of *Chlamydia* vaccine.[@CIT0006] There are many studies that have been done to search protective antigens in animal models, such as *C. psittaci* major outer membrane protein (MOMP) and plasmid-encoded protein.[@CIT0007]--[@CIT0009] Although the protective effects of subunit protein Ags have already been confirmed, the complexity of protection and stability made them far from ideal candidate vaccines. Therefore, we designed a new multi-epitope peptide Ags based on CPSIT_p6 and MOMP to against *C. psittaci* infection in our previous study.[@CIT0010] Due to the advantages of peptide-based vaccines, such as well-targeted immunity and few side effects, the multi-epitope peptide Ags is more suitable as a candidate than the protein immunogens.

An effective immunization strategy can combine several delivery routes to influence both the immune profile and the persistence of vaccine Ags.[@CIT0011] Regarding the immune response, it is universally accepted that an optimal chlamydial vaccine will need to elicit both cell-mediated immunity and mucosal immunity.[@CIT0012],[@CIT0013] Several chlamydial studies showed that CD4 T-cells can play a significant role by decreasing the initial chlamydial load through neutralization and possible complement activation.[@CIT0014] And it also has been determined that the presence of secretory IgA (sIgA) correlated with accelerated clearance of *chlamydia* in pulmonary- and genital-infected animals.[@CIT0015] Hence, the choice of immunization routes is highly relevant when determining the effect of the immune response against chlamydial infection. Previous studies demonstrated that intramuscular (IM) vaccination can induce the production of a stronger, local antigen-specific immunity and cell-mediated immune response against chlamydial challenge.[@CIT0016] However, it failed to induce an effective mucosal immunity. Nasal mucosal immunization not only induces strong mucosal immunity in the respiratory tract but also enhances immune response at other mucosal systems.[@CIT0017] Thus, intranasal (IN) vaccination that targets the mucosal immune system can provide an effective protection in respiratory infections. According to the facts above, the combination of IN and IM immunization routes may be a specific strategy to elicit both mucosal and cell-mediated immunity to prevent pulmonary chlamydial infection.

Nanoparticle (NP) delivery systems provide an innovative strategy of mucosal vaccines due to their advantages, such as maintaining antigen release in the mucosal sites, inhibiting the antigen from degradation, and potentiating the co-deliver of antigen and adjuvant.[@CIT0018],[@CIT0019] As a promising antigen delivery system, chitosan possesses well-defined properties, including cationic nature and mucosal adhesion,[@CIT0020] which prolonged and sustained the antigen retention time in different mucosal systems.[@CIT0021] In addition, chitosan nanoparticle (CNP) has the properties of biodegradable, high aqueous solubility, high surface to volume ratio and stability over a range of ionic conditions, which makes the spectrum of its applicability much broader.[@CIT0022] Chitosan nanoparticle-entrapped antigen is shown to enhance mucosal IgA response in the respiratory tract and confers valid protection in an infected animal.[@CIT0023] In another study, the encapsulation of antigen in chitosan nanoparticle also elicited the strong IgG and secretory IgA response in mice.[@CIT0024] Therefore, chitosan nanoparticles have drawn most attention for mucosal immunization through IN route.

In the present study, we used CNPs for the adsorption of *C. psittaci* Ags (CNPs-Ags) and performed a specific strategy combination of IM and IN administration in BALB/c mice. Our results demonstrated that the simultaneous (SIM) IM and IN administration of CNPs-Ags provided an improved mucosal IgA response in the respiratory tract and genital tract. It also elicited stronger humoral and cell-mediated immune responses against *C. psittaci* infection, resulting in a reduced lung bacterial load, inflammation in the pulmonary parenchyma and a less dissemination of *Chlamydia* in other tissues.

Materials And Methods {#S0002}
=====================

Preparation Of The Recombinant Ags-Absorbed Nanoparticles {#S0002-S2001}
---------------------------------------------------------

Ultrapure chitosan (85% deacetylated, mol wt 60--170 kDa) was purchased from Golden-Shell Biochemical Inc (Zhejiang, China). The recombinant Ags of *C. psittaci* were synthesized by Life Tein Biotechnology Company (Beijing, China) as described previously.[@CIT0010] The production of chitosan nanoparticles and the recombinant Ags (1 mg/mL) was done by using a physical adsorption technique.[@CIT0021],[@CIT0025] Briefly, nanoparticles were resuspended in 25 mM acetate buffer (pH 5.7) and incubated with the recombinant Ags (at a concentration of 1000 µg/mL) for 15, 30, 45, 60 mins at room temperature. Unabsorbed antigen was collected in the supernatant by centrifugation at 10,000 rpm for 20 mins and quantified by bicinchoninic acid (BCA) protein assay, and absorbance was read at 570 nm using a microplate reader (Multiskan MK-3, Finnpipette, FI). The recombinant Ags adsorption efficiency (AE) was calculated using the following formula: $$\documentclass[12pt]{minimal}
\usepackage{wasysym}
\usepackage[substack]{amsmath}
\usepackage{amsfonts}
\usepackage{amssymb}
\usepackage{amsbsy}
\usepackage[mathscr]{eucal}
\usepackage{mathrsfs}
\DeclareFontFamily{T1}{linotext}{}
\DeclareFontShape{T1}{linotext}{m}{n} {linotext }{}
\DeclareSymbolFont{linotext}{T1}{linotext}{m}{n}
\DeclareSymbolFontAlphabet{\mathLINOTEXT}{linotext}
\begin{document}
$${\rm{AE = }}\left({{\rm{A - B}}} \right){\rm{/A \times 100\% }}$$
\end{document}$$

Here, A is the total amount of the recombinant Ags (µg/mL) and B is the unbound amount of the antigens (µg/mL). These results were performed three times.

The morphological analysis of the chitosan nanoparticles incubated antigen was observed by transmission electron microscopy (TEM) (Tecnai G2 Spirit TWIN). The particle size, distribution and zeta potential were measured by photon correlation spectroscopy at 26°C using Zetasizer Nano-ZS instrument.

Ethics Statement {#S0002-S2002}
----------------

All animal experiments were approved by the Animal Welfare Committee of the University of South China and conducted in accordance with the regulations of the institution and all efforts were made to minimize the animals\' suffering.

Mice And Immunization {#S0002-S2003}
---------------------

Eight- to six-week-old female BALB/c mice were purchased from Hunan SJA Laboratory Animal Co. Ltd (Animal Production License No. SCXK 2016-0002) and allowed to acclimatize for at least 4 days before entering experiments. Mouse care and monitoring followed a protocol approved by the University of South China Institutional Animal Use and Ethics Committee (Hengyang, China). A total of six groups of mice with 6 animals in each group received three immunizations at 2-week intervals ([Scheme 1](#SCH0001)). Experimental group mice were immunized with 40 μL of recombinant Ags (1 mg/mL) adsorbed on 40 μL chitosan nanoparticles (CNPs-Ags). Vaccines were given either IM or IN routes in a total volume of 80 μL CNPs-Ags or both routes simultaneously as SIM-CNPs-Ags group. IM, IN with CNPs-PBS and SIM with CNPs-unabsorbed Ags (SIM-Ags) were used as control groups. Two weeks after the final immunization (day 42), serum samples were harvested by centrifugation (3000 rpm, 10 mins) and stored at −80°C for the detection of specific antibody production. Nasal washes and vaginal washes were collected from the immunized mice to determine the mucosal responses. Spleens from each group were homogenized in RPMI 1640 (Hyclone, Logan, Utah, USA) containing 10% fetal calf serum (FBS; Invitrogen, USA) for the detection of cytokine level and lymphocyte proliferation assay.

Bacteria And Infection {#S0002-S2004}
----------------------

The *C. psittaci* 6BC (VR-125) was purchased from the ATCC and propagated in HeLa-229 cells (ATCC CCL-2.1). *C. psittaci* 6BC EBs were harvested, purified, and quantified as described previously.[@CIT0012],[@CIT0026] The *C. psittaci* 6BC EB stocks in sucrose-phosphate-glutamic acid (SPG) buffer (0.25 M sucrose, 10 mM sodium phosphate, 5 mM glutamic acid, pH 7.5) were stored at −80°C. To evaluate the effect of protective immunity, another 36 mice were also separated into 6 groups and received the same immunization as mentioned above. At the last day of week 6 (day 42), the mice were intranasally challenged with 5 × 10^5^ IFU of *C. psittaci* in 30 μL of SPG buffer for protection assay ([Scheme 1](#SCH0001)).

Determination Of Ag-Specific Antibodies And Secretory IgA Level {#S0002-S2005}
---------------------------------------------------------------

ELISA was performed to determine the levels of Ag-specific serum IgG IgG1, IgG2a, IgA and secretory IgA. In brief, 96-well plates coated with 10 μg/mL of the recombinant Ags (100 μL/well at 4°C overnight) were rinsed with PBS solution containing 0.05% Tween 20 (PBST) and then blocked with 250 μL blocking buffer (3% bovine serum albumin in PBST) at 37°C for 2 hrs. After being rinsed for 5 times with PBST, the plates were incubated with immune sera (diluted at 1:200 in blocking buffer, 100 μL/well), nasal washes or vaginal washes (diluted at 1:10 in blocking buffer, 100 μL/well) at 37°C for 1 hr. The plates were washed thoroughly with PBST and then incubated with 100 μL of horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG, IgG1, IgG2a, IgA (diluted at 1:3000 in blocking buffer, 100 μL/well) at 37°C for 1 hr. After being washed again, the plates were incubated with the substrate 3,3,5,5-tetramethylbenzidine (100 μL/well) at 37°C for 15 mins, and then 50 μL of 1 M H~2~SO~4~ was added to stop the reaction. The absorbance at 450 nm was measured by a microplate reader (Thermo Labsystems, FI).

Lymphocyte Proliferation Assay And Antigen-Specific Cytokine Analysis {#S0002-S2006}
---------------------------------------------------------------------

The splenocytes harvested from each mouse were re-suspended in RPMI-1640 (1% antibiotics). The red blood cells were lysed using red blood lysis buffer (Biosharp) for 5 mins on ice. Then, the splenocytes were cultured in 96-well plates (1 × 10^5^ cells/well) and stimulated with 1 mg/mL of the recombinant Ags (10 μL/well) or 1 μg/mL ConA (Sigma, USA) as a positive control. After the incubation for 48 hrs, spleen lymphocyte proliferative capacity was evaluated using a Cell Counting Kit-8 (Dojindo, Japan). Antigen-specific cytokine levels were detected by ELISA using methods described previously. Briefly, splenocytes were seeded into 24-well plates (1 × 10^6^ cells/well) and stimulated with 1 mg/mL of the recombinant Ags (20 μL/well) or medium. Supernatants were harvested 48hrs after incubation, and secreted IFN-γ, IL-2, TNF-α, IL-4, IL-10 and IL-17A were assayed by Ready-SET-Go! kits (eBioscience Inc., CA, USA) as per the manufacturer\'s instruction. The levels of IFN-γ, IL-2, TNF-α, IL-4, IL-10 and IL-17A were quantified based on absorbance (OD) at 450 nm, and the sensitivities of the kits were in the ranges of 15--2000, 2--200, 8--1000, 4--500, 32--4000 and 4--500 pg/mL, respectively.

Evaluation Of Specific Cellular Responses By Flow Cytometry {#S0002-S2007}
-----------------------------------------------------------

Splenocytes were collected from vaccinated mice at day 42 ([Scheme 1](#SCH0001)), and 1 × 10^6^ splenocytes were stimulated for 6 hrs at 37°C with 15 μL of the recombinant Ags (1 mg/mL). Following stimulation, the cells were intracellular stained (BD Pharmingen, USA) in accordance with the BD manual. Briefly, after being washed with FACS buffer (PBS + 1% bovine serum albumin) and incubated with Fc receptor blocking antibody (CD16/CD32 mAb), the cells were stained with surface markers-CD3a-FITC and -CD4-APC for 30 mins at 4°C. Then, the cells were permeabilized with Cytofix/Cytoperm™ kit (BD Pharmingen) and stained intracellularly for 30 mins at 4°C for cytokines IL-4-PE and IFN-γ-PE (BD Pharmingen, USA). After being washed, sample acquisition (10,000 events were harvested) was performed with a BD FACS Canto II flow cytometer (Becton Dickinson, USA) and analyzed using a FACS Aria flow cytometer (BD Biosciences, USA) with FACS Diva software (BD Biosciences, USA).

Quantification Of *C. Psittaci* Burden And Cytokine In The Lungs {#S0002-S2008}
----------------------------------------------------------------

The mice were sacrificed 10 days after the challenge, and the lung tissues were homogenized with SPG buffer (1.2 mL/100 mg) as described.[@CIT0026] The lung homogenates were centrifuged (4°C, 15 mins, 6000 rpm) and inoculated on HeLa 229 cell monolayers after being serially diluted of the supernatants determining the *C. psittaci* titers. Intracellular inclusions of *C. psittaci* in the lungs were detected by fluorescence microscopy as described previously.[@CIT0007] The lungs from each mouse were embedded in paraffin for a histopathological assay, sectioned and stained with hematoxylin-eosin (H&E) and an UltraSensitive™SP (Rabbit) IHC Kit (Maixin, China) for the evaluation of inflammatory invasion. Image-Pro Plus 6.0 software (Media Cybernetics Inc, USA) was used to assess the *C. psittaci* positive count of IHC results. Meanwhile, the supernatants of lung homogenates were harvested as described above for cytokine level measurements. The concentrations of the cytokines were assayed in duplicate by using Ready-SET-Go! kits (eBioscience Inc., CA, USA) in accordance with the manufacturer\'s instruction. The sensitivities of the IFN-γ, TNF-α, IL-4, IL-6, IL-10 and IL-12 detection kits were in the ranges of 15--2000, 8--1000, 4--500, 4--500, 32--4000, and 32--2000 pg/mL, respectively.

Extraction And Purification Of *C. Psittaci* DNA {#S0002-S2009}
------------------------------------------------

According to the manufacturer's instructions, genomic DNA (gDNA) extraction was performed in blood and tissues were collected from *C. psittaci*-infected mice using the Qiagen QIAamp DNA Mini Kit (Qiagen, Shanghai, China). DNA was quantified using a Beckman Coulter DU 730 Life Science UV/Vis Spectrophotometer (Beckman Coulter Canada, Mississauga, ON, Canada).

Quantitative PCR {#S0002-S2010}
----------------

Quantitative real-time PCR was used to determine the gDNA extractions of tissues in the infected mice. Primers used for *C. psittaci 16s rRNA* and mouse *β-actin* were as described by Wen et al.[@CIT0027] All primers were synthesized by Sangon Biotech (Shanghai, China). Quantitative real-time PCR was performed in 20 μL reaction volumes according to the manufacturer's instruction (Qiagen, Shanghai, China) under the following conditions: *16s rRNA* (initial denaturation at 95°C for 8 mins, amplification by cycling 40 times at 95°C for 15 s, 56°C for 20 s, and 72°C for 30 s, final denaturation at 95°C for 15 s, melting curve at 60°C to 95°C for 20 mins); *β-actin* (initial denaturation at 95°C for 10 mins, amplification by cycling 40 times at 95°C for 15 s, 55°C for 20 s, and 72°C for 40 s, final denaturation at 95°C for 15 s, melting curve at 60°C to 95°C for 20 mins). A standard curve was drawn for *16s rRNA* and *β-actin* and each assay was run with controls according to the previous study.[@CIT0028]

Statistical Analysis {#S0002-S2011}
--------------------

Differences in antibody, cytokine levels, SI and chlamydial burden between the groups were compared statistically by one-way analysis of variance (ANOVA) with the Student--Newman--Keuls test. *P* \< 0.05 was considered significant. All calculations were performed with SPSS 18.0 software.

Results {#S0003}
=======

Physical--Structural Characterization Of Chitosan Nanoparticles {#S0003-S2001}
---------------------------------------------------------------

TEM techniques were used to assess the morphology and the size of chitosan-based nanoparticles. A schematic of the adsorption of the recombinant Ags on CNPs is depicted in [Figure 1A](#F0001){ref-type="fig"}. By TEM analysis, the images of CNPs-Ags ([Figure 1B](#F0001){ref-type="fig"}) revealed the appearance of nanoparticles to be obviously more spherical with nanorange sizes (100--300nm), and all nanoparticles appeared to be in similar sizes. Further, as shown in [Figure 1C](#F0001){ref-type="fig"}, the adsorption efficiency of the recombinant Ags was present in significantly higher incubated for 30 mins (71.7±5.03%) than those of 15 mins (55.3±8.39%), but no significant difference to incubated for 45 min and 60 min (67.0±5.29 and 69.3±3.79%). Thus, confirming the optimal adsorption time.

Mean particle diameter, zeta potential and polydispersity index (PDI) of CNPs-Ags or CNPs-PBS are summarized in [Table 1](#T0001){ref-type="table"}. Analysis of physicochemical characterization in the present study showed the long-term stability of CNPs-Ags with a zeta potential of +13.12±0.41 mV as compared with +11.62±0.27 mV for CNPs-PBS, with small differences in PDI (0.30--0.42), and average sizes of 225.2±29.1 nm (CNPs-PBS) and 276.1±36.3 nm (CNPs-Ags). The recombinant Ags release from CNPs was a sustained slow process with a gradual release of 48% over a 20-day period (data not shown).Table 1Nanoparticle Size Distribution, Zeta Potential, And Polydispersity IndexNanoparticlesZeta Sizer (nm)Zeta Potential (mV)Polydispersity IndexCNPs213.7±22.09.84±0.350.301±0.055CNPs-PBS225.2±29.111.62±0.270.330±0.071CNPs-Ags276.1±36.313.12±0.410.416±0.082[^1]

Assessment Of Humoral Responses And Mucosal Responses {#S0003-S2002}
-----------------------------------------------------

Previous studies showed that both IgG and secretory IgA play a crucial role during the respiratory chlamydial challenge. To investigate whether it was possible to elicit stronger humoral responses and mucosal responses in the immunized mice by IN and IM routes simultaneously, the levels of IgG, IgG1 and IgG2a in the serum, which were collected from immunized mice 14 days after the last vaccination, were assessed by ELISA. It is very clear that the SIM immunization strategy (SIM-CNPs-Ags) induced significantly higher levels of antigen-specific IgG, IgG1 and IgG2a antibodies than the IN (IN-CNPs-Ags), IM (IM-CNPs-Ags) immunization routes and CNPs-unabsorbed group (SIM-Ags) (*P* \< 0.05). In addition, the levels of serum antibodies in SIM-Ags, IN-CNPs-Ags and IM-CNPs-Ags group were higher in comparison with those of IN-CNPs-PBS and IM-CNPs-PBS group ([Figure 2A](#F0002){ref-type="fig"}).

To compare the mucosal responses induced by the SIM, IN and IM immunization strategy, next we detected the levels of IgA in the serum, nasal and vaginal secretions. As shown in [Figure 2B](#F0002){ref-type="fig"}, after the immunization, the serum IgA induced in the SIM-CNPs-Ags group was also significantly higher than those induced in the SIM-Ags, IN-CNPs-Ags and IM-CNPs-Ags groups (*P* \< 0.05). Equal levels of nasal and vaginal IgA were assessed in SIM-CNPs-Ags and IN-CNPs-Ags groups, while significantly higher secretory IgA level was induced in the SIM- and IN-immunized mice compared to the IM immunized mice (*P* \< 0.05). Thus, SIM immunization mediated stronger humoral responses than the IN and IM immunization strategy, but there were comparable mucosal responses to the IN route.

Specific T-Cell Responses In Spleen {#S0003-S2003}
-----------------------------------

Specific splenocyte proliferation was detected at day 14 post-third boost in 6 mice per group. Immunization with CNPs-adsorbed Ags via the SIM route generated an antigen-specific proliferation response in the splenocytes, significantly greater than SIM-Ags, IN-CNPs-Ags and IM-CNPs-Ags groups (*P* \< 0.01), but displayed a lower stimulation index compared with the positive control ([Figure 3A](#F0003){ref-type="fig"}).

To determine the phenotypic characteristics of T-cell populations activated after the immunization via the SIM, IN and IM immunization strategy, multi-parameter intracellular flow cytometry staining (IFCS) analysis was used to determine the Ags-specific T-cell response according to the previous study.[@CIT0029] Briefly, splenocytes from 6 mice per group were stimulated by the recombinant Ags in the presence of brefeld in for 5 hrs. [Figure 3B](#F0003){ref-type="fig"}--[D](#F0003){ref-type="fig"} shows that SIM-CNPs-Ags group (26.1±3.09%) secreted comparable CD4^+^/IFN-γ level to the IN-CNPs-Ags and IM-CNPs-Ags groups (23.8±3.27 and 22.4±3.14%), but significantly higher than control groups (SIM-Ags, IN-CNPs-PBS and IM-CNPs-PBS groups) (18.7±1.42, 13.7±1.96 and 15.4±2.08%, respectively, *P* \< 0.05). However, the secretion of CD4^+^/IL-4 in SIM-CNPs-Ags group showed no significant difference compared with other groups. Therefore, SIM-CNPs-Ags group could induce an enhanced activation of T-cells, but there was parallel specific T-cell response comparable to that of IN- and IM-immunized mice.

Cytokine Responses In The Vaccinated Mice {#S0003-S2004}
-----------------------------------------

The levels of cytokines were measured to determine the cell-mediated immune response induced by different immunization strategies. Then, several typical cytokines of IFN-γ, IL-2, TNF-α, IL-4, IL-10, and IL-17A secreted by splenocytes were next detected by ELISA. As shown in [Figure 4A](#F0004){ref-type="fig"} and [B](#F0004){ref-type="fig"}, the secretion of IFN-γ and IL-2 (Th1 cytokines) in the splenocytes of SIM-CNPs-Ags group (477±39.1 and 79.7±9.03 pg/mL) was increased compared to the SIM-Ags (270±31.0, 41.0±5.20 pg/mL), IN-CNPs-Ags (375±36.8, 56.0±6.29 pg/mL) and IM-CNPs-Ags groups (344±43.0, 64.7±4.80 pg/mL) (*P* \< 0.05). However, the levels of the IL-4 and IL-10 (Th2 cytokines) in the SIM-CNPs-Ags group showed no differences compared with those in the other groups ([Figure 4D](#F0004){ref-type="fig"} and [E](#F0004){ref-type="fig"}). The results showed that the simultaneous vaccine administration could induce a stronger Th1-type cell response compared to the IN and IM immunization strategy alone. Furthermore, compared to control groups, immunization by IN and IM combination with CNPs also resulted in significantly higher TNF-α (Innate immune cytokine)[@CIT0030] and IL-17A (Th17 cytokine) levels (287±26.9 and 143±19.9 pg/mL, respectively, *P* \< 0.05) ([Figure 4C](#F0004){ref-type="fig"} and [F](#F0004){ref-type="fig"}), indicating that SIM-CNPs immunization obviously enhanced the cell-mediated immune response.

Results Of Lung Infection In The Mice Model {#S0003-S2005}
-------------------------------------------

The efficacy of protective immune responses against *C. psittaci* was evaluated by lung challenge. After optimization of the challenge with *C. psittaci* 6BC strain, mice were sacrificed to determine the *C. psittaci* load in the lungs on day 10. As seen in [Figure 5](#F0005){ref-type="fig"}, the result revealed a decreased chlamydial burden in the lungs of the SIM-CNPs-Ags group compared to both the IN-, IM-immunized and SIM-Ags group (*P* \< 0.05), indicating a greater ability of chlamydial clearance induced by simultaneous vaccine administration with CNPs. Next, we investigated the levels of cytokines in the supernatants of the lung homogenates, which were harvested from the immunized mice following *C. psittaci* intranasal infection. The levels of IFN-γ (341±52.1 pg/mL, *P* \< 0.01), TNF-α and IL-6 (87.2±21.5 and 62.8±20.3 pg/mL, respectively, *P* \< 0.05) in the lungs of SIM-CNPs-immunized mice were significantly lower than the control immunizations ([Figure 6A](#F0006){ref-type="fig"}, [B](#F0006){ref-type="fig"} and [D](#F0006){ref-type="fig"}). In contrast, there were no significant differences in the levels of IL-4, IL-10, and IL-12 between the SIM-CNPs-Ags group and other controls ([Figure 6C](#F0006){ref-type="fig"}, [E](#F0006){ref-type="fig"} and [F](#F0006){ref-type="fig"}).

We further evaluated whether the SIM-CNPs strategy would result in decreased inflammatory pathologies of the mouse lungs by hematoxylin-eosin (H&E) and immunohistochemistry (IHC) analysis. Similar to the above results, inflammatory infiltrates in *C. psittaci*-infected mice immunized by SIM route with CNPs were remarkably reduced compared to those in the IN-, IM-immunized mice and SIM-Ags group ([Figure 7](#F0007){ref-type="fig"}). And severe lesions including the loss of pulmonary alveoli and diffuse inflammatory cell infiltration were observed in IN-CNPs-PBS and IM-CNPs-PBS groups. The evaluation of lung tissues by IHC analysis showed that SIM-CNPs-immunized group gave rise to a lower chlamydial burden (brown granule) than the IN-, IM-immunized and CNPs-unabsorbed groups ([Figure 8](#F0008){ref-type="fig"}). Accordingly, immunization by simultaneous vaccine administration with CNPs induced a stronger protective efficacy against *C. psittaci* infection compared to other routes.

The Dissemination Of Chlamydia In Vivo {#S0003-S2006}
--------------------------------------

We continued to investigate whether *C. psittaci* in the lung would disseminate to other tissues. Quantitative real-time PCR (qPCR) was used to evaluate the *C. psittaci* load in lung, blood, liver, spleen and kidney on day 10 post-infection. As shown in [Figure 9](#F0009){ref-type="fig"}, the *C. psittaci* burden in lung, blood and liver of the mice immunized by SIM route with CNPs was significantly lower than that of the IN-, IM-immunized mice and SIM-Ags groups (*P* \< 0.05). Interestingly, SIM-CNPs-immunized mice revealed a decreased level of the *C. psittaci* burden in the spleen, but there were no significant differences compared to SIM-Ags, IN-CNPs-Ags and IM-CNPs-Ags groups ([Figure 9D](#F0009){ref-type="fig"}). Furthermore, the chlamydial burden in the kidney of SIM-CNPs-Ags group showed no differences compared with those in the other groups ([Figure 9E](#F0009){ref-type="fig"}). Overall, the above experiments demonstrate that SIM-CNPs immunization is an effective vaccine strategy against *C. psittaci* dissemination in vivo of the infected mice, which is better than immunization by the IN and IM strategy alone or immunized with CNPs-unabsorbed Ags.

Discussion {#S0004}
==========

It is becoming increasingly clear that an effective vaccine to prevent *Chlamydia* infection has not been developed partly due to the absence of an effective delivery system and optimal administration route.[@CIT0031] Previous studies showed that the route of immunization influenced the effectiveness of each vaccine antigens, particularly against respiratory infections.[@CIT0032],[@CIT0033] IM administration is one of the main delivery approaches that can induce antigen-specific immune responses.[@CIT0016] However, major limitations of the IM immunization are forming persistent precipitates, resulting in being dissolved and re-absorbed relatively slowly. In addition, the low level of cell transfection and the single type of immune responses made it far from ideal as an optimal administration route. Thus, immunization via mucosae would be a feasible alternative to avoid some of the injectable vaccine disadvantages. Recent studies reported that IN immunization could induce mucosal immune responses in the respiratory and genital tracts, which played a protective role through mucosal surfaces. But again, it also has some imperfection, such as it cannot induce immune responses by itself and it failed to elicit strong cell-mediated immunity in vivo.[@CIT0034],[@CIT0035] Thus, the combinations of different delivery routes for immunization strategies can modulate not only the type but also the degree and duration of immune responses.

Chitosan nanoparticles were considered as an effective delivery system of the vaccine due to the advantages of biocompatible, biodegradable, mucoadhesive, polycationic, and immunomodulatory properties.[@CIT0036],[@CIT0037] In this study, we explored the effectiveness of CNPs as an immune adjuvant and vaccine delivery system by adsorbing the recombinant Ags on CNPs. The physicochemical qualities of nanoparticles may carry out a number of functions. NP size plays a crucial role to let the antigen cross the mucosal membrane.[@CIT0038] Our results revealed that CNPs-Ags were spherical with nanorange sizes at about 100--300nm, which were shown to be optimal for crossing the mucosal barrier and for being efficiently taken up by antigen-presenting cells (APCs).[@CIT0039],[@CIT0040] All the nanoparticles were positively charged with zeta potential higher than +9 mV which ensured the stability of NPs adjuvant and their adhesion for nasal mucosa. The optimal adsorption efficiency of Ags on CNPs formulation was 71.7%, comparable to the encapsulation efficiency of other Ags (67%) in CNPs.[@CIT0023] In addition, compared to the SIM-Ags group, CNPs could significantly enhance the immunogenicity and protective immunity of the chlamydial Ags (as shown in [Figure 2](#F0002){ref-type="fig"}--[9](#F0002){ref-type="fig"}), which is consistent with the adjuvant properties of CNPs in previous studies.[@CIT0024]

It has previously been shown that the presence of specific antibody in the serum following vaccination is highly relevant with regard to the ongoing debate on the impact of humoral responses toward chlamydial infection.[@CIT0041]--[@CIT0043] The IgA generated in the mucosal surface of the respiratory and vaginal tracts also could transcytose into the lumen to neutralize the infection in vivo by the polyclonal immunoglobulin receptor.[@CIT0044],[@CIT0045] We previously demonstrated that immunization by the recombinant Ags could result in stronger humoral immune responses, which play a significant role in preventing *C. psittaci* attachment.[@CIT0010] In the present study, we found that simultaneous use of the IN and IM immunization routes elicits high levels of IgG-, IgG1- and IgG2a-specific antibodies in serum, which is consistent with previous studies using the multi-epitope peptide as Ags.[@CIT0010] Unexpectedly, SIM immunization mediated stronger humoral responses to the IN and IM immunization strategies alone, but there were comparable nasal IgA and vaginal IgA levels to IN route. We speculate that the IN immunization has a more pronounced increase to the humoral and mucosal immunity. However, for IM vaccination, only a minor mucosal immunity has been induced after injection. Consequently, the stronger mucosal immune responses found in SIM-immunized mice were most likely induced by IN immunization.

The activation and expansion of T-cells are significant in preventing *Chlamydia* infection via cell-mediated responses.[@CIT0046],[@CIT0047] And it is also important for the *Chlamydia* vaccine\'s trigger of stronger T-cell proliferation.[@CIT0048],[@CIT0049] In this study, we found a robust antigen-specific proliferation response of the splenocytes in SIM-vaccinated group, which is consistent with previous studies using simultaneous immunization routes.[@CIT0050] In addition, we also found that high levels of Th1/Th17 cytokines and TNF-α were secreted by splenocytes following IN and IM immunization simultaneously, which are crucial against *Chlamydia* challenge via activation of phagocytes that limit the bacterial invasion.[@CIT0051],[@CIT0052] Moreover, we are not surprised that there were no changes in the levels of Th2 cytokines. This occurs primarily because the recombinant Ags synthesis in our previous studies is biased to induce a Th1-type reaction. Interestingly, different from the supernatant detection, the SIM immunization induces slightly stronger or similar peripheral CD4^+^/IFN-γ and CD4^+^/IL-4 levels compared to IN and IM immunization. To the best of our knowledge, it is partly due to IFN-γ in the supernatant that was secreted by CD4^+^ T-cells, NK cells and CD8^+^ T-cells, but in the IFCS analysis, we only detected the IFN-γ secreted by CD4^+^ T cells, which could explain the high levels of IFN-γ secretion in the supernatant, but there were no significant differences in the intracellular detection. Therefore, it is vital to determine the secretion of IFN-γ from other cells in future studies.

In the current study, SIM immunization that elicited significant levels of humoral, mucosal immunity and cell-mediated immunity against chlamydial respiratory tract infection, determined by obviously decreasing the chlamydial loading and pathological changes in the lungs of infected mice (As shown in [Figure 5](#F0005){ref-type="fig"}--[8](#F0008){ref-type="fig"}), which supported the recent findings that protects mice against a *Chlamydia muridarum* challenge by stimulating robust systemic and local mucosal immune responses.[@CIT0053] Nevertheless, another study found that simultaneous, nasal and subcutaneous immunized mice were equally well protected in *Chlamydia trachomatis--*infected mice.[@CIT0054] It is possible that *C. psittaci* is a respiratory tract--transmitted pathogen,[@CIT0055] and SIM immunization can play an anti-infective role at the preliminary respiratory tract invasion stage through IN-induced mucosal immunity and at the later stage of infection by the IM-induced humoral and cellular immunity. This provides an explanation for why SIM vaccine elicited a significant level of protection against *C. psittaci* infection. However, the specific role of mucosal immunity referring to the prevention against *Chlamydia* is unclear and must be balanced against the contribution of other types of immune responses.

*C. psittaci* is a highly invasive pathogen which causes respiratory infections, followed by disseminating to various organs throughout the body, including heart, liver, spleen, etc.[@CIT0001],[@CIT0002],[@CIT0056] and therefore effective immunization needs to target the bacteria within the respiratory system to inhibit *C. psittaci* transfer into secondary sites. Analysis of the *C. psittaci* load in the lung, blood, liver, spleen, and kidney using qPCR showed that SIM vaccination obviously inhibited *C. psittaci* dissemination to other tissues compared to IN and IM strategies alone. In particular, the most significant decrease of the *C. psittaci* DNA concentration was observed in the blood and spleen, while the bacterial load was lower in the spleen and kidney of all groups. We speculate that only a smaller amount of *Chlamydia* may spread to various tissues during the relatively short time of acute infection. On the contrary, the *Chlamydia* burden may be significantly higher in the kidney, liver and other tissues during the chronic or persistent course than that observed in acute infection. However, these speculations need to be identified by further research.

Conclusion {#S0005}
==========

In this study, we confirm a new immunization strategy for *C. psittaci* vaccines. Simultaneous intramuscular and intranasal immunizations of chitosan nanoparticles--adjuvanted vaccine induce robust humoral, mucosal immunity and cell-mediated immunity to *C. psittaci*, which prevent the respiratory chlamydial infections by decreasing the *C. psittaci* load and eliminating *C. psittaci* in mice. Furthermore, it is noteworthy that SIM is also an effective route against *C. psittaci* disseminating to other tissues after infection. Hence, our studies may provide all-sided protection of mice against a bacterial respiratory tract infection, further propelling the development of *Chlamydia* vaccine against challenge. Scheme 1The timeline of immunization and overall in vivo work through the terminal point on day 52.Figure 1Physical--structural characterization of chitosan nanoparticles.**Notes:** (**A**) Schematic representation of the recombinant Ags adsorbed on CNPs; (**B**) morphological characteristics of CNPs by TEM observation; (**C**) the adsorption efficiency of the recombinant Ags adsorbed on CNPs. Each bar indicates the mean ± SD from three independent experiments. *\*P* \< 0.05.**Abbreviations:** CNPs, chitosan nanoparticles; TEM, transmission electron microscopy; PDI, polydispersity index; SD, standard deviation.Figure 2Production of antigen-specific Ig antibodies and the sIgA antibodies in immunized mice.**Notes:** Antigen-specific Ig antibodies and the sIgA antibodies against the *C. psittaci* Ags were induced 14 days after the final immunization in vaccinated BALB/c mice. (**A**) The sera were collected from immunized mice to determine antigen-specific IgG antibody levels by ELISA at dilutions of 1:200. (**B**) The serum IgA was detected by ELISA at dilutions of 1:200. And the nasal washes and vaginal washes collected from immunized mice were determined of the sIgA antibodies\' levels by ELISA at dilutions of 1:10. Each bar indicates the mean ± SD of triplicates from 6 mice per group. *\*P* \< 0.05; *\*\*P* \< 0.01.**Abbreviations:** sIgA, secretory IgA; PBS, phosphate-buffered saline; Ags, antigens; ELISA, enzyme-linked immunosorbent assay; SIM, simultaneous; IM, intramuscular; IN, intranasal; SD, standard deviation.Figure 3Ags-specific T-cell responses in spleen.**Notes:** Splenocytes from immunized mice were seeded into 24-well plates and incubated at 37°C in 5% CO~2~ for 48 hrs and assayed for Ags-specific CD4^+^ T-cell response. (**A**) Ags-specific proliferative responses in splenocytes were induced by different immunization routes. (**B**) Frequency of CD4^+^/IFN-γ cells was calculated according to IFCS. (**C**) Frequency of CD4^+^/IL-4 cells was calculated according to IFCS. (**D**) Ags-specific CD4^+^ T-cell response was determined by intracellular IL-4 and IFN-γ staining. The FACS plots are representative of the mean percentages of 6 mice in each group. Each bar indicates the mean ± SD of 6 mice per group from three independent results. *\*P* \< 0.05; *\*\*P* \< 0.01.**Abbreviations:** IFCS, intracellular flow cytometry staining; FACS, fluorescence-activated cell sorting; CD4, cluster of differentiation 4; IFN-γ, interferon gamma; IL, interleukin; SI, stimulation index; SD, standard deviation.Figure 4Cytokine secretion by splenocytes from vaccinated mice.**Notes:** (**A**) IFN-γ, (**B**) IL-2, (**C**) TNF-α, (**D**) IL-4, (**E**) IL-10 and (**F**) IL-17A levels were measured in the splenocyte supernatants of immunized mice by ELISA kits. Each bar indicates the mean ± SD of triplicates from 6 mice per group. *\*P* \< 0.05; *\*\*P* \< 0.01.**Abbreviations:** IFN-γ, interferon gamma; IL, interleukin; TNF-α, tumor necrosis factor alpha; ELISA, enzyme-linked immunosorbent assay; Th, helper T; SD, standard deviation.Figure 5The burden of *C. psittaci* in the lungs of immunized mice after the *C. psittaci* infection.**Notes:** The lung homogenates collected from immunized mice 10 days after the *C. psittaci* challenge were inoculated into HeLa 229 cell monolayers. Then, the chlamydial inclusions were detected by indirect immunofluorescence. Each bar indicates the mean ± SD of the *C. psittaci* titers (IFU/lung) in the lung homogenates from 6 mice per group in three independent results. *\*P* \< 0.05; *\*\*P* \< 0.01.**Abbreviations:** SIM, simultaneous; IM, intramuscular; IN, intranasal; IFU, inclusion-forming units; CNPs, chitosan nanoparticles; PBS, phosphate-buffered saline; SD, standard deviation.Figure 6Cytokine levels in the lungs of immunized mice after the *C. psittaci* challenge.**Notes:** (**A**) IFN-γ, (**B**) TNF-α, (**C**) IL-4, (**D**) IL-6, (**E**) IL-10 and (**F**) IL-12 levels were detected in the lung homogenates of immunized mice by ELISA kits after the *C. psittaci* infection. Each bar represents the mean ± SD of the cytokine levels (pg/mL) in the lung homogenates from 6 mice per group in three independent experiments. *\*P* \< 0.05; *\*\*P* \< 0.01.**Abbreviations:** IFN-γ, interferon gamma; IL, interleukin; TNF-α, tumor necrosis factor alpha; ELISA, enzyme-linked immunosorbent assay; SD, standard deviation.Figure 7Histopathological assessment of lung tissues after *C. psittaci* infection.**Notes:** H&E-stained sections of lung tissue from each group of mice (magnification 100× and 400×) are shown as (**A**) SIM-CNPs-Ags group, (**B**) SIM-Ags group, (**C**) IN-CNPs-Ags group, (**D**) IM-CNPs-Ags group, (**E**) IN-CNPs-PBS group and (**F**) IM-CNPs-PBS group.**Abbreviations:** H&E, hematoxylin-eosin; SIM, simultaneous; IM, intramuscular; IN, intranasal; CNPs, chitosan nanoparticles; PBS, phosphate-buffered saline.Figure 8*C. psittaci* burden and pathological assessment in lung tissue measured by IHC.**Notes:** (**A**) The infected lungs were sectioned and stained with S-P immunohistochemistry using an UltraSensitive™SP (Rabbit) IHC Kit with rabbit anti-*C. psittaci* 6BC antibody used as the primary antibody. (a) SIM-CNPs-Ags group, (b) SIM-Ags group, (c) IN-CNPs-Ags group, (d) IM-CNPs-Ags group, (e) IN-CNPs-PBS group and (f) IM-CNPs-PBS group. Brown granules (black arrow) indicate *C. psittaci* inclusions in the nuclei of the lung tissue cells. (**B**) *C. psittaci* positive count per 100× field. (**C**) *C. psittaci* positive count per 400× field. Each bar indicates the mean ± SD from three independent experiments. *\*P* \< 0.05; *\*\*P* \< 0.01.**Abbreviations:** IHC, immunohistochemistry; S-P, streptavidin-peroxidase; SIM, simultaneous; IM, intramuscular; IN, intranasal; CNPs, chitosan nanoparticles; PBS, phosphate-buffered saline.Figure 9The dissemination of *Chlamydia* in vivo.**Notes:** *C. psittaci* burden was evaluated using qPCR to measure *C. psittaci* DNA concentrations in (**A**) lung, (**B**) blood, (**C**) liver, (**D**) spleen, and (**E**) kidney. Points correspond to that separately extracted from each animal. Horizontal lines represent mean values. *\*P* \< 0.05; *\*\*P* \< 0.01.**Abbreviations:** qPCR, quantitative real-time polymerase chain reaction; SIM, simultaneous; IM, intramuscular; IN, intranasal; CNPs, chitosan nanoparticles; rRNA, ribosomal ribonucleic acid; DNA, deoxyribonucleic acid.
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[^1]: **Notes:** Values are shown as the mean ± standard deviation for the zeta sizer, zeta potential and polydispersity index.

    **Abbreviations:** CNPs, chitosan nanoparticles; PBS, phosphate-buffered saline; Ags, antigens.
